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Phosphors to brighten
your future
As the efficiency of electric lighting has
improved over the last 150 years it has pro-
gressed from carbon, tantalum, osmium and
tungsten filaments through gas discharge
lamps (mercury, neon, xenon), and now in
the 21st century solid-state lighting will
have the impetus for the foreseeable future.
Even though fluorescent lamps have now
achieved 100 lumens per watt, this value was
recently matched by a low-power, phosphor-
coated blue LED.
Commercial high-power white LEDs now exceed
50 l/W, and using recent R&D power output val-
ues to new product timing, high-power 100 l/W
LEDs should only be about a year away, and
ahead of previously defined LED lighting
roadmap goals.Although combination RGB white
LEDs may be the eventual sources for white-light
LEDs, the ease of manufacturing of UV, blue or
green LEDs coated with phosphor emitters has
allowed them to lead today’s market in volume
and value, and their established base is providing
much of the current impetus for phosphor
research.
For many years, the consumer has had a wide
selection of fluorescent lighting sources to
choose from, with gradual increases in efficiency.
Soon, the initial market entry of white, LED-based
lighting sources will change this picture forever.
The efficiencies of both types depend on phos-
phors for light output and spectral content.
Recent developments in the field of phosphor
research are leading to lower costs per lumen,
and phosphors have now become a very impor-
tant topic in many laboratories around the
world. Major players and start-up companies
alike are striving to match new phosphors to the
latest LED outputs, and to move fluorescent
lamps and the environment towards lower mer-
cury dependency. However, since most of today’s
mercury pollution is power station sourced, con-
trol of fluorescent lamp use will have little near-
term effect on the overall mercury content of
the environment.
LED systems are available commercially to pro-
fessional lighting engineers, but are not yet on
the shelves of your everyday lighting store.Today,
phosphor technology is fundamental to the light-
ing industry for both the future growth of LED
markets and for performance and intellectual
property (IP) reasons, and they will become even
more important in the future as luminaires with
phosphor-based white LEDs are introduced into
the general lighting market.
Although we as customers can select different
color temperatures – hot, cool, warm, white or
other perceived (or mood) shades of fluorescent
tubes and CFL lamps – this degree of selection is
not yet available to the consumer from white
LED sources. Because drivers and controls are
now available to control each individual LED in a
system, gallium nitride-based white LEDs com-
bined with some colored LEDs can already pro-
vide a wider range of adjustable or dynamic light-
ing colors and temperatures on demand (shades
or mood settings) than can any fluorescent.
Soon, these market-leading products will offer
any hue of daylight (dawn, mid-day, evening) or
even mood fulfilment colors such as pink or pur-
ple on demand or by computer control.
Superficially, it would appear that with the
exception of LED flashlights, very few white
LEDs are in use today. However, this is quite a
misleading situation, because these white LEDs
are internal to the largest category (about 60%)
of high-power/high-brightness LEDs in the mar-
ket place, with a value of almost US$3 billion.
They are the unseen screen backlighting
sources of choice in the hundreds of millions of
handheld device sold per year containing liquid
crystal displays (cell phones, personal digital
assistants, camera flash units). Sales of these
handheld devices will soon exceed 1 billion
Dr Alan Mills
iiivs195p36_39.qxd  01/08/2006  13:57  Page 36
units per annum, usually containing multiple
LEDs per unit. It should also be noted that the
LED and CFL-based liquid crystal displays
(LCDs) may have already signified the end of
the CRT as higher and higher fractions of the
handheld device, PC display and TV set 
markets are changing to LED illumination, with
the benefits of less bulk, much thinner display
profiles, improved definition and lower energy
consumption.
Nichia, originally a phosphor company, was 
the first to offer blue LEDs, and later white
LEDs by combining one of their existing yellow
garnet phosphors with the blue LEDs. Nichia is
still the leader in this market segment, with
annual sales in the region of $2 billion.
Improvements in power and color rendition are
constantly being added as part of the company
roadmap for LED performance. One of the key
improvements was the addition of a red phos-
phor to improve color rendition and white light
output power. However, since Nichia was slow
to license its phosphor technology, it severely
restricted the market opportunities for most 
of its competitors, and in the last few years this
situation has spawned a worldwide drive to
produce phosphors not covered by Nichia IP 
or patents.
Technology
With such a large and growing demand for blue-
based white LEDs and the huge additional poten-
tial from the general lighting market, it is not sur-
prising that there has been intense interest in
phosphor research for red-blue-green and white
phosphors based on UV, blue or green excitation
wavelengths.The large lighting companies tend
use their phosphor research to protect their IP
and deter competition, but some new venture
companies are now providing visible-range phos-
phors that are being successfully offered as “IP
free” colors. Phosphors are now critical to the
long-term performance of LED lighting, and the
phosphor makers wish list reported a couple of
years ago by G. Mueller of Lumileds is stated
below:
• A broad excitation spectrum in the desired
spectral region.
• Narrow emission bands centered on suitable
wavelengths.
• High temperature stability of emission spec-
tra and quantum efficiency (moisture, heat
[200ºC], UV exposure and time).
• High quantum efficiency (>90%) & high 
levels of absorption at the excitation 
wavelength.
• Suitable morphology.
With the large number of chemical elements
used in these compounds, a full list of phosphors
would be almost limitless, and many sets of
tuned phosphors should be possible for the gen-
eration of high (or selected) CRI ‘white’ light
using a specific LED wavelength for excitation,
with anticipation of low manufacturing costs
With these needs in mind, large numbers of new
visible and infrared range phosphors are being
generated by team research from both commer-
cial and academic laboratories.The chemical
types receiving the most interest are cerium-
doped yttrium garnets, with gadolinium, terbium
and lutetium moderators – mixed strontium-bari-
um-calcium silicates with europium2+ emitting
centers – similar mixed nitridosilicates and
oxynitridosilicates also with europium2+.
Diverse laboratory groups such as Meyer et al. at
Philips in Aachen and Cheetham et al. at UC
Santa Barbara’s (UCSB) International Center for
Materials Research, are generating families of
phosphors based on some or all of these
chemistries. UCSB has already reported success
with these chemistries, which are shown in
Table 1. It includes a new blue-green from near-
UV excitation, a green, yellow and orange from
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Table 1. Groups such as Meyer et al. at Philips in Aachen and
Cheetham et al. at the UCSB International Center for Materials
Research, are generating families of phosphors, and have already
reported success with these chemistries.
M-Si-N M-Al-N
[M = (Mg, Ca, Sr, Ba, Ln, Y)] [M = (Mg, Ca, Sr, Ba)]
M4SiN4 M4Si6N11 MAlSiN3 Sr3Al2N4
M5Si2N6 Y6Si3N10 α-Ca3Al2N4 Ca6Al2N6
MSiN2 Y2Si3N6 β-Ca3Al2N4
MSi7N10 MSi3N5
M2Si5N8 M9Si11N23
SrSi7N10 M2Si4N7
M3Si6N11
M-Ge-N M-Ga-N
[M = (Ca, Sr)] [M = (Mg, Ca, Sr)]
Ca2GeN2 Sr11Ge4N6 Sr3Ga2N4 LiSrGaN2
Ca4GeN4 Sr3GeMgN4 Sr3Ga3N5 Ca3Ga2N4
Ca5Ge2N6 Li4Sr3Ge2N6 Sr3GaN3 α-Ca3Ga2N4
Sr6GaN5 (Ba6N)[Ga5]
(Sr6N)[Ga5]
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blue excitation, and a new red by green excita-
tion.All are IP-protected, but it is not clear at this
time as to whether the UCSB phosphor series
will be available to all potential phosphor users
or will be initially restricted to Mitsubishi, which
provided financial support for the UCSB team.
In addition to the above series of phosphors,
which provide primary color or multiple wave-
length emission by excitation of rare earth or
other active dopant element centers, others use
particle size.These phosphors are now are 
available, and provide different color emission
based on quantum dot sizes, where dot size
control (below 10 nm) is critical to the emitted
wavelength.Additionally, the morphology and
surfaces of the emitting centers of a phosphor
can be critical for efficient operation.
Morphology types include molecular clusters,
molecules or particles with or without surface
protection, where needed. Some phosphors are
stable under operating ambients, but others are
only active on a supporting particle surface,
and may also require protective coatings for a
useful life without significant performance
degradation.
Recently, zinc blende telluride and selenide and
indium phosphide based phosphors have been
used that depend on particle sizes for their color
emission. Intematix in Fremont, California uses a
test matrix system to rapid-track the test to man-
ufacturing process. It provides a direct replace-
ment for the yellow YAG phosphor based on QD
technology on an IP-included basis. Intematix has
recently introduced an improved yellow phos-
phor, and can make high-brightness green LEDs
(over 60 l/W) from a 450 nm blue LED. Product
development includes a phosphor family to meet
display backlighting specifications.
Phosphor Tech Corporation in Lithia Springs,
Georgia offers a range of spectrally tunable phos-
phors where the selenium to sulphur ratios in
the ZnSSe compounds affect the phosphorescing
wavelength.Also in its product line up is a family
of yellow-green silicate phosphors (Figure 1), and
red, green, yellow and blue (RGYB) sulpho-
selenides. Improved sulpho-selenide stability can
be achieved by low-cost oxide encapsulation.
Selected combinations of QD phosphors can be
tuned for low or high color-rendering lighting
requirements.
Evident Technologies of Troy, NY uses similar
‘colloidal growth’ to prepare QD zinc blende
phosphors, and by using a proprietary ‘molecu-
lar plating’ process to coat emitter particles, it
reports the achievement of quantum yields
approaching 100%. Other applications for the
company’s quantum dot materials include ther-
moelectronics, biological reagents, clinical diag-
nostics, inks and infrared pigments/night vision.
In the latter case, IR-product ID tags, equipment
and personnel can be tagged with lead sul-
phides or selenides that are IR-readable or visi-
ble under night vision conditions to provide
friend-or-foe identification.
Also recently reported by M. LoCascio et al. are
the first non-cadmium containing visible wave-
length Q-dots, which are indium phosphide
based.An early Q-dot combination (a 6 mW
blue LED, plus 550 and 620 nm QDs) gave a 15
l/W white LED with a CRI of 88 and a color
temperature of 6000K. Phosphor loadings as
low as the 1–10 µg range per LED provide good
light conversion at a reasonable cost. Polymer-
dispersed lead sulphide phosphors on an ITO
electrode also electroluminesce in the infrared
when a current is applied.
Holloway et al. at the University of Florida have
also prepared electroluminescent nanocrystals
by solution techniques (3–4 nm QDs of
ZnS:Mn), which exhibited 0.37 eV blue shifts in
band gap over the bulk value due to quantum
confinement. Such solutions have also been
used to precipitate the emitting layers for
hybrid inorganic/organic LED devices using
OLED injection layers (PEEDOT PSS) and
ITO/glass anodes.The use of these hybrid
devices, where phosphors replace one of the
OLED layers, could improve the LED stability
Figure 1. Georgia-based Phosphor Tech Corporation offers a family of yellow-green 
silicate phosphors (from US Patent 6982045).
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and join OLEDs as future competition for small
LCD displays. Organic and inorganic passivation
of phosphor nanocrystals was also reported,
and organic coatings have shown increased
quantum efficiency and improved photostabili-
ty. However, for a CdS:Mn phosphor, ZnS passi-
vation was superior to that from thiodecanol
and with zinc oxide nanocrystals dispersed in
SiO2:Eu
3+ the phosphor photoluminescence
was increased by an order of magnitude.
Most LED excitation in today’s market is in the
350–470 nm wavelength range (UV-blue), a region
where very few efficient absorbers were available.
However, intense research has provided useful
absorbers in this range with light emission in the
visible range, where the market preference is that
new phosphors should be available with IP includ-
ed across the color range. However, the large light-
ing companies still need to expand the range of
their own IP-protected phosphors to improve pro-
prietary lamp performance.These diversified
demands are producing many new types of phos-
phors, and continue to do so with anticipation of
significant increases in market growth. However,
most applications only require microgramme to
milligramme quantities per lighting unit, fluores-
cent or LED, consequently the expected quantities
and market growth are forecast to be small – kilo-
grammes rather than tonnes. But the prices will be
high, and this factor is supporting an increasing
degree of venture capital interest.
Rare earth markets
A review of the new and existing phosphors
shows that the vast majority (and almost all new
phosphors) use energy or electron transfers
based on rare earth (RE) metal ions, with the
most important being yttrium, europium and ter-
bium.This use indicates that future RE markets
for the above elements will be quite sensitive to
phosphor applications and their market growth.
There are eight countries that have significant RE
deposits, but China is the most important
because it has 42% of the world’s known RE ore
reserves; the next four countries are Russia with
18%, the US with 12%,Australia with 5%, and
India with 1%. However, on a production basis,
China is much more important because it refines
about 88% of the RE oxide demand.The US pro-
duces 6%, while India (3%) and Russia (2%) are
almost insignificant.
The current phosphor RE demand does not match
the occurrence levels in the ores, therefore it
skews the production requirements and the
Chinese RE refining market by requiring some
recent demand elements, such as terbium, to be
required in higher quantities than are present in
the ‘as mined’ ores.Terbium is present in about 5
ppm of the ore elements and europium at 0.5
ppm, whereas yttrium is present in about 28 ppm
and cerium at 46 ppm.The terbium demand is
higher than the ore ratio, leading to inventories of
the more abundant elements such as yttrium and
a reluctance to mine more ore until the stocks of
yttrium are decreased. Other factor that is affect-
ing the balance of the Chinese and world RE ore
markets and the Chinese refining capacity is the
increasing amounts of RE elements that are being
recycled, thus reducing ore demand.Also affecting
the refining demand are the phosphor manufac-
turers, with ever-increasing RE purity require-
ments, which are increasingly performing the
highest levels of purification in-house.
The main RE markets of current interest are
automotive for catalysts and sensors, phosphors
(as dopants or activators), magnets for strength
and temperature stability, and polishing (mostly
cerium oxide based).The cerium group has
reserves in excess of 100 million tonnes, but
the yttrium RE group of elements, which con-
tains most of those of interest for phosphors,
has much lower reserve levels, currently esti-
mated to be 400 000 tonnes.At the present rate
of demand of 25 kilotonnes annually, a lifetime
of only about 20 years is indicated for the
reserves in this group of interest.According to
Leroux et al. from Rhodia SA, the world RE
phosphor demand in 2005 was estimated to be
6200 tonnes, with a value of about US$330 mil-
lion, of which 65% was for lighting applications
(phosphors) and 23% for cathode ray tubes
(CRTs).This demand is expected to rise to 8500
tonnes by 2010, again with more than 60%
being for lighting uses. However, with flat panel
consumption now forecast to rise to 25% in
2010, CRT demand is expected to fall to 12% of
the market as CRTs are displaced by LED and
other flat panel displays. Plasma displays also
use RGB phosphors, which will add to the glob-
al RE phosphor demand.
If readers have a continuing interest in the global
development of phosphor technology and mar-
kets, consider attending the Intertech-Pira
Phosphors 2007 Conference, which will take
place 5–7 March 2007 in Seoul, Korea.
Dr Alan Mills can be reached at
csnewsus@yahoo.com or +1 650 968 2383.
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